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A B S T R A C T
Declining water quality represents a major threat to the coral reefs of Australia's Great Barrier Reef (GBR). Due to
their close proximity to river point sources, reefs situated on the inner-shelf of the GBR are widely perceived to be
most susceptible to the increased discharge of nutrients and sediments from coastal catchments, many of which
have been modified since European settlement. However, the impact and magnitude of water quality change on
the GBR's inner-shelf reefs remains unclear. Much of the uncertainty can be attributed to a paucity of long-term
records with which to assess ecological and environmental change over appropriate reef-building timescales. Here,
we present benthic foraminiferal palaeo-records from three proximal nearshore turbid-zone reefs located within
the central region of the GBR. Bayesian age-depth modelling was used to identify the core intervals corresponding
to the timing of European settlement in the region (c. 1850 CE), enabling the investigation of: (1) the composition
and variability of benthic foraminiferal assemblages during reef shallowing towards sea level; and (2) whether any
signal of increased nutrient and sediment inputs, as the result of historical land-use change, can be discerned on the
most nearshore reefs of the central GBR. Multivariate analyses identified two assemblage groups, delineated by a
significant increase in the relative abundance of Pararotalia spp. up-core. Our results suggest that post-European
settlement associated increases in nutrient and sediment inputs are unlikely to have driven the observed shifts in
benthic foraminiferal assemblage composition. Rather, we interpret changes in the composition of benthic for-
aminiferal assemblages as being linked to changes in hydrodynamic energy, light availability and the carbonate
content of reef-matrix sediments during reef shallowing towards sea level. Our findings support the hypothesis that
nearshore turbid-zone reefs have a higher resistance to increased nutrient and sediment inputs than those located
further offshore, towards the inner/mid-shelf boundary of the GBR.
1. Introduction
Benthic foraminifera are valuable biological indicators (or bioindi-
cators) of environmental change, particularly with respect to sea level
(e.g., Gehrels, 2000; Woodroffe, 2009a) and water quality (e.g., Alve,
1995; Frontalini and Coccioni, 2011). The utility of benthic for-
aminifera as bioindicators is largely due to their high taxonomic di-
versity and abundance; narrow ecological specificity; excellent pre-
servation potential; and relatively short life spans (Coccioni, 2000;
Schönfeld et al., 2012). Due to their ability to capture both long-term
and short-term environmental change, the application of benthic for-
aminifera as bioindicators in tropical coral reef environments is a
subject of growing interest (Renema, 2018).
Deteriorating water quality is considered a major threat to the
ecological health of Australia's Great Barrier Reef (GBR). Due to their
close proximity to river point sources, coral reefs on the inner continental
shelf of the GBR are widely perceived to be most susceptible to reduced
water quality discharged from coastal catchments, many of which have
been modified following European settlement (c. 1850 CE) (Lewis et al.,
2007; Brodie et al., 2012; De'ath et al., 2012; Schaffelke et al., 2012).
Since European settlement of coastal catchments in the mid-nineteenth
century, the annual delivery of nutrients and sediments to the GBR la-
goon is estimated to have increased by up to nine and five times, re-
spectively (Kroon et al., 2012). Consequently, reported collapses of hard
coral communities have been attributed to regional deteriorations in
water quality (Roff et al., 2013; Clark et al., 2017), and are often asso-
ciated with increased macro-algal cover on reefs (De'ath and Fabricius,
2010), Crown-of-Thorns seastar (Acanthaster planci) outbreaks (Brodie
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et al., 2017), and coral disease (Haapkylä et al., 2011). Despite the
widely held perception that inner-shelf reefs are most susceptible to in-
creased nutrient and sediment delivery, the impact of reported changes
in water quality on the GBR remains unclear (Ryan et al., 2016a). This
uncertainty persists because few long-term datasets are available with
which to assess both ecological and environmental change over appro-
priate reef-building timescales (i.e. centennial to millennial; Pandolfi,
2002). Uncertainty of the impact of altered sediment regimes (i.e.,
changes in suspended sediment concentrations and sedimentation rates)
on inner-shelf reef communities is also exacerbated by the ongoing de-
bate concerning the extent to which increased terrestrial sediment inputs
have altered the naturally high sedimentary background conditions that
have characterised the zone for the last ~6000 years (Larcombe and
Woolfe, 1999a; Orpin and Ridd, 2012).
Core-based records have provided valuable insights into the key
controls on reef initiation and subsequent development on the inner-shelf
of the GBR (see Hopley et al., 2007; Perry and Smithers, 2011; Browne
et al., 2012a for reviews). Importantly, palaeoecological reconstructions
from reef cores have confirmed the long-term persistence of hard coral
assemblages within the most nearshore turbid settings of the central GBR
(i.e., landward of the 10m isobath; hereafter referred to as the ‘nearshore
turbid-zone’), where large volumes of terrigenous sediments are avail-
able for resuspension and deposition within the reef structure (Hopley
et al., 2007; Browne et al., 2012a). Supported by a progressively ex-
panding evidence base (e.g., Perry et al., 2008, 2009, 2011; Roche et al.,
2011; Roff et al., 2013; Ryan et al., 2016b; Clark et al., 2017; Johnson
et al., 2017), there is an emerging hypothesis that corals growing within
the nearshore turbid-zone of the GBR are more resistant to increased
nutrient and sediment inputs than those located further offshore, towards
the inner/mid-shelf boundary (i.e., seaward of the 10m isobath; here-
after referred to as the ‘inshore zone’), where episodic pulses of sediment
and nutrient inputs may exert a more deleterious impact on coral reef
communities (Larcombe et al., 2001; Perry et al., 2008; Morgan et al.,
2016a). Whilst there is an expanding body of evidence to support this
hypothesis, relatively few have utilised benthic foraminifera as bioindi-
cators for the investigation of past environmental change within near-
shore turbid-zone reef settings on the GBR (but see Uthicke et al., 2012;
Reymond et al., 2013; Narayan et al., 2015).
Here, we present detailed benthic foraminiferal assemblage records
reconstructed from a nearshore turbid-zone reef complex within Halifax
Bay, central GBR (Australia). Specifically, reef core records were re-
covered with the aim of investigating (1) the composition and varia-
bility of benthic foraminiferal assemblages during reef shallowing to-
wards sea level; and (2) whether any signal of increased nutrient and
sediment input, as the result of historical land-use change, can be dis-
cerned on the most nearshore reefs of the central GBR.
2. Study site and environmental setting
Halifax Bay is a shallow (<20m water depth) semi-protected em-
bayment situated within the central region of Australia's GBR (Larcombe
et al., 2001), immediately north of Australia's most populous tropical city,
Townsville (Fig. 1). The seafloor of Halifax Bay is characterised by the
presence of an ‘inshore sediment prism’ (ISP). The ISP comprises a wedge
of mixed terrigenous sediments reworked shoreward during the post-gla-
cial marine transgression (~10,500–7000 calibrated years before present;
cal. yr BP), together with those delivered by floods from coastal catch-
ments since sea level stabilised ~6000 years (yr) ago (Hopley et al., 2007).
Collectively, the Black, Bohle and Ross Rivers deliver an estimated
144 kt yr−1 of sediment, 2 kt yr−1 of total nitrogen, and 16 t yr−1 of total
phosphorus to the southern sections of Halifax Bay (Kroon et al., 2012)
(Fig. 1). Coral skeletons from Halifax Bay also geochemically preserve
records of flood events from the Burdekin River, located ~100 km to the
south (Lewis et al., 2007; Lough et al., 2015). These studies therefore
demonstrate that water quality in Halifax Bay may also be influenced by
flood plumes associated with coastal river catchments further afield.
The landwards edge of the ISP is detached from the mainland in
Halifax Bay, separated by a narrow corridor of low sedimentation that
is maintained `through the resuspension of fine-grained sediments by
wind-driven waves (Larcombe and Woolfe, 1999b; Larcombe et al.,
2001; Smithers et al., 2006). Nearshore turbid-zone reefs have devel-
oped in this low sedimentation corridor, in areas where waves and
currents have exhumed substrates suitable for colonisation by hard
corals (i.e., transgressive alluvial clays and lithic sands/gravels)
(Larcombe et al., 2001).
The Paluma Shoals reef complex (PSRC) is a collection of nearshore
turbid-zone reefs confined between the ISP and the shoreline within
Halifax Bay (Fig. 1). The PSRC consists of seven discrete reefs located
within an area of ~16 km2, extending from the shoreline to approxi-
mately 3 km offshore (Fig. 1). Recent surveys show that the reefs in the
PSRC are at different stages of ‘geomorphological maturity’ (sensu
Hopley, 1982), and that reef growth is concentrated above a series of
shore-normal, ridge-like bedforms up to ~2 km long and 200m wide
(Morgan et al., 2016a). Live coral cover across the reef structures in the
PSRC is high for the central region of the GBR (mean ~40%, June,
2014) (Morgan et al., 2016a). Core-based studies have also revealed the
reefs in the PSRC to have initiated relatively recently (i.e., between
~2000 and 700 cal. yr BP) and to have been built by temporally per-
sistent assemblages of coral taxa adapted to turbid water conditions,
notably Acropora spp. (~45%), Montipora spp. (~25%) and Turbinaria
spp. (~10%) (Smithers and Larcombe, 2003; Perry et al., 2008, 2013;
Palmer et al., 2010; Morgan et al., 2016b; Johnson et al., 2017).
Average rates of vertical reef accretion in the PSRC are variable and
closely correspond to observed depth-stratification patterns in coral
taxa, ranging from 1.4 ± 1.0mm yr−1 (reef elevation: 0 to 0.5 m above
present lowest astronomical tide; LAT) to 6.0 ± 3.7mm yr−1 (reef
elevation: 2 to 3m below present LAT) (Morgan et al., 2016b).
3. Materials and methods
3.1. Reef cores
Palaeoecological records of benthic foraminiferal assemblages were
derived from three radiometrically-dated cores that captured the entire
reef growth sequence at several reefs within the PSRC (see Perry et al.,
2013; Morgan et al., 2016b). Specifically, a single core was selected for
analysis from the ‘mature’ reef of Offshore Paluma Shoals (OPS; OPS-
PC2) that is emergent at LAT; and the ‘juvenile’ reefs of Offshore Pa-
luma Shoals-C (OPS-C; OPS-C-PC1) and Offshore Paluma Shoals-D
(OPS-D; OPS-D-PC1) that are both fully submerged at LAT (Fig. 1). By
analysing core records from three proximal reefs with different growth
histories, as interpreted from their current stage of geomorphological
maturity, our aim was to ensure the independence of core records for
the investigation of both depth- and time-related changes in benthic
foraminiferal assemblage composition.
All cores were recovered using percussion methods (see Smithers and
Larcombe, 2003 for full methods) and terminated in mottled clay
(Table 1), which is widely interpreted to be Late Pleistocene in age
(Hopley et al., 2007). Core elevations were normalised to present LAT
datum using field measurements (Table 1), and an existing digital ele-
vation model of seafloor bathymetry (Morgan et al., 2016a). Core com-
paction was calculated (assuming uniform compaction) using recovered
core length and penetration measurements (Table 1). Prior to detailed
analyses, cores were longitudinally split, photographed and logged.
3.2. Core chronologies and age-depth modelling
Chronologies were developed for each core based on 18 previously
published radiocarbon dates (Perry et al., 2013; Morgan et al., 2016b)
(Fig. 2). Age-depth models were developed using a flexible Bayesian
approach in the R-package ‘bacon’, version 2.2 (Blaauw and Christen,
2011; R Development Core Team, 2014) (see Supplementary material 1
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for further details). This approach utilised radiocarbon dates obtained
for coral material in the cores to approximate sediment age, assuming
comparable rates of sedimentation and vertical reef accretion. Sedi-
mentation rates determined by 210Pb and 137Cs radionuclide dating
methods in coral reef environments elsewhere on the inner-shelf of the
GBR have been calculated at between 2 and 6mm yr−1 over the last
~100 years (Uthicke et al., 2012). Importantly, these sedimentation
rates are consistent with those estimated in this study for the period
following ~100 cal. yr BP (i.e., 2.4 to 3.4 mm yr−1) (Fig. 2).
3.3. Core sampling and foraminiferal analysis
The age-depth models were used to identify the most probable
depth intervals corresponding to the advent of European settlement (c.
1850 CE, or 100 cal. yr BP; Lewis et al., 2007) as recorded in the three
cores (Fig. 2). To adequately represent both pre- and post-European
settlement foraminiferal assemblages, three samples were collected at
10 cm (uncompacted) intervals from the upper core sections post-dating
the interpreted European settlement interval, and at a resolution of
Fig. 1. Site maps showing the location of A. Halifax Bay,
Queensland, Australia; B. the Paluma Shoals reef complex
(PSRC) in Halifax Bay, central Great Barrier Reef. The
approximate landwards and seawards extent of the in-
shore sediment prism (ISP) within Halifax Bay, as deli-
neated by the 5m and 15m isobaths, is represented by the
dashed lines; and C. an aerial image of the PSRC showing
the locations of Offshore Paluma Shoals (OPS), and
Offshore Paluma Shoals-C and D (OPS-C and OPS-D). Map
symbology denotes the inferred stage of reef ‘geomor-
phological development’ (sensu Hopley, 1982):
circle= ‘incipient/juvenile’ reef; square= ‘mature’ reef;
and star= ‘senile’ reef. All presented isobath contours are
in metres and are derived from Beaman (2010).
Table 1
Details of percussion cores recovered from the Paluma Shoals reef complex.
Core Depth, relative
to LAT (m)
Core length
(m)
Penetration (m) Compaction (%)
OPS-PC2 −0.2 3.5 4.0 24
OPS-C-PC1 −0.4 2.8 5.0 44
OPS-D-PC1 −0.7 2.5 4.5 44
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20 cm (uncompacted) below this interval. Core samples intended for
foraminiferal analysis were collected from one half of each core split.
Paired samples (~30 g dry mass) were collected for sedimentary ana-
lyses from the correponding half of each core split. Samples for sedi-
mentary analyses were split to a ratio of 1:3 (carbonate content ana-
lysis: mud content analysis). The proportions of carbonate and mud-
sized material (i.e., < 63 μm size fractions) were determined for each
sample following the methods detailed in Perry et al. (2011).
Samples for foraminiferal analysis were wet sieved to remove
the<63 μm sediment fractions. After sieving, samples were oven dried
(60 °C for 24 h) before further sieving to remove any residual mud and
sediments>4 mm. A 1 cm3 split was obtained from the retained sedi-
ment fractions (i.e., between 63 μm and 4mm) from each sample using a
riffle splitter. Foraminiferal assemblages were characterised for each
sample split by counting and identifying a total of 300 tests (Schönfeld
et al., 2012), creating a multivariate dataset containing 66 samples and
over 19,000 individual specimens. Following Schueth and Frank (2008)
and Uthicke et al. (2010), only well-preserved tests (i.e., those exhibiting
minimal abrasion, bioerosion, or dissolution; see Berkeley et al., 2007,
2009) were counted to avoid preservational bias and to represent those
specimens most likely to have been deposited in situ.
Foraminiferal tests were dry picked and identified to the lowest
taxonomic level under a stereomicroscope and using published taxo-
nomies (Collins, 1958; McCulloch, 1977; Haig, 1988; Jones, 1994;
Leoblich and Tappan, 1994; Hayward et al., 1997). All taxonomic names
were validated, and established synonymies updated, using the World
Registry of Marine Species (WoRMS) online database (www.
marinespecies.org/) (Schönfeld et al., 2012). Where samples con-
tained<300 individual specimens, a second sample split was taken and
specimens counted until the target number was attained. Counts of 300
were achieved from the first sample in 80% of cases (n=53 samples).
All identified genera were separated into three widely accepted
functional groups based upon their known ecologies (sensu Hallock et al.,
2003): (1) ‘symbiont-bearing’ taxa, with endosymbiotic relationships that
typically occupy similar environments to hard coral; (2) stress-tolerant
‘opportunistic’ taxa, tolerant of stressful and hypoxic conditions; and (3)
‘other small-heterotrophic’ taxa, that proliferate in response to nu-
trification. To maintain consistency with previous studies, functional
classifications of individual foraminiferal genera followed Nobes and
Uthicke (2008), Uthicke et al. (2010), Reymond et al. (2013), Fajemila
et al. (2015), and Narayan et al. (2015). The proportion of each func-
tional group, calculated as the ratio of the total number of specimens
counted (n=300), was used to derive an index value based upon the
Foraminifera in Reef Assessment and Monitoring (FoRAM) Index (FI) for
each sample (Hallock et al., 2003; Hallock, 2012) (see Supplementary
material 2). Following Corliss and Chen (1988), foraminifera were also
divided into nine morphological classifications to establish the propor-
tion of epifaunal and infaunal taxa within each sample.
3.4. Statistical analysis
3.4.1. Benthic foraminiferal abundance and sampling effort
All statistical analyses were performed at the genus level. Whilst we
recognise that genus level analysis may result in the loss of potentially
valuable species-level information, it ensures that reliable comparisons
can be made between separate investigations (Hallock et al., 2003).
Taxonomic grouping was most notable within the genera of Quinque-
loculina (13 species identified), and Elphidium (6 species identified). All
other genera contained less than five identified species, with ~70% of
all genera containing only one species (see Supplementary material 3).
Foraminiferal counts were converted to relative abundance by di-
viding the frequency of occurrence of each taxon by the total number of
identified tests within a sample. Individual-based rarefaction and ex-
trapolation analyses were performed in EstimateS v. 9.1 (Colwell, 2013)
to assess the extent to which the sampling strategy captured sample
taxonomic richness. Samples were randomised (resampled) 100 times,
0 4000 8000−
17
0
−1
50
Iteration
Lo
g 
of
 O
bj
ec
tiv
e
0 20 40
0.
0
0.
2
0.
4
Acc. rate (yr/cm)
acc.shape:  1.2, 1, 1 
acc.mean:  2, 5, 2
0.0 0.4 0.8
0
2
4
6
Memory
mem.strength: 15
mem.mean: 0.4
86 5cm sections
0 50 100 1500
.0
0
0.
10
Hiatus size (yr)
F
re
qu
en
cy
h.shape:  1 
h.mean:  10 
d:  116, 346
0 1000
400
300
200
100
0
Age (cal. yr BP)
C
or
e 
de
pt
h 
(c
m
)
200 400 600 800 1200 1400
0 4000 8000
−1
90
−1
70
Iteration
Lo
g 
of
 O
bj
ec
tiv
e
0 20 40
0.
0
0.
4
0.
8
acc.shape:  1.3, 1.2, 1, 1 
acc.mean:  1, 2, 5, 2
0.0 0.4 0.8
0
2
4
6
Memory
mem.strength: 15
mem.mean: 0.4
96 5cm sections
0 50 100 1500
.0
0
0.
10
Hiatus size (yr)
F
re
qu
en
cy
h.shape:  1 
h.mean:  10 
d:  71, 175, 325
0 200 400 600 800 1000 1200
400
300
200
100
0
Age (cal. yr BP)
C
or
e 
de
pt
h 
(c
m
)
Acc. rate (yr/cm)
0 4000 8000
−1
40
−1
25
Iteration
Lo
g 
of
 O
bj
ec
tiv
e
0 10 300
.0
0.
2
0.
4
Acc. rate (yr/cm)
acc.shape:  1.2, 1 
acc.mean:  2, 5
0.0 0.4 0.8
0
2
4
Memory
mem.strength: 15
mem.mean: 0.4
72 5cm sections
0 20 600
.0
0
0.
15
0.
30
Hiatus size (yr)
F
re
qu
en
cy
h.shape:  1 
h.mean:  10 
d:  302
0 200 400 600 800 1000 1200
300
200
100
0
Age (cal. yr BP)
C
or
e 
de
pt
h 
(c
m
)
A.
C.
B.
Fig. 2. Bayesian age-depth models produced using available radiocarbon dates
(see Morgan et al., 2016b) for the individual cores of A. Offshore Paluma Shoals
(OPS)-PC2; B. OPS-C-PC1; and C. OPS-D-PC1. Plots show the calibrated radio-
carbon ages (blue) and the age-depth model (grey shading). The darker areas of
the model indicate the more likely calibrated ages. The model 95% confidence
is represented by dotted lines, whilst the single ‘best’ model (based on the
weighted mean age of each depth interval) is marked by the red curve. The
upper panels depict the Markov Chain Monte Carlo iterations (left panel); the
prior (green curves) and posterior (grey curves) distributions for the accumu-
lation rate (middle panel) and memory (right panel). (For interpretation of the
references to colour in this figure legend, the reader is referred to the web
version of this article.)
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with curve extrapolations constrained to double the sample reference
number. Individual-based rarefaction curves confirmed sampling com-
pleteness to be approaching saturation at a specimen count of 300 for
each site (see Supplementary Fig. S2). We are therefore confident that
the adopted sampling strategy provides a representative record of
benthic foraminiferal assemblage composition within each sample.
3.4.2. Foraminiferal assemblages
All relative abundance data were square-root transformed to reduce
data asymmetry prior to further analyses (Legendre and Birks, 2012).
To identify the major foraminiferal assemblage zones present within
each core, and to facilitate determination of compositional change,
constrained incremental-sum-squares clustering (CONISS) were per-
formed using Bray-Curtis dissimilarity matrices (Grimm, 1987). The
number of significant assemblage zones present within each core was
determined by the comparison of CONISS results to a ‘broken-stick’
model (Bennett, 1996). Analyses were performed in the R packages
‘rioja’ and ‘vegan’ (R Development Core Team, 2014; Juggins, 2016;
Oksanen et al., 2017).
To explore trends in the composition of the CONISS-derived as-
semblage zones, a principle component analysis (PCA) was undertaken,
with similarity percentage (SIMPER) analysis (using Bray-Curtis dis-
similarity) employed to identify the taxa contributing most to inter-
group dissimilarities (Clarke, 1993). A detrended correspondence ana-
lysis (DCA) was conducted prior to the PCA to estimate the underlying
gradient length of the data. As the length of the DCA axes were<2.5
standard deviations (SD), the linear-based model of PCA was considered
appropriate for the analysis of the foraminiferal assemblage data
(Legendre and Birks, 2012). Ordination (DCA and PCA) and SIMPER
analyses were performed in PAST, version 3 (Hammer et al., 2001).
4. Results
4.1. Core stratigraphy and foraminiferal taxonomy
Reef-matrix sediments from the PSRC were characterised by poorly
sorted muddy sands of a mixed carbonate-terrigenous composition
(Fig. 3). Mud content within the sediment matrices was variable but
persistent throughout each reef sequence (mean mud content:
34 ± 16%; mean ± SD) (Fig. 3). Carbonate content of the matrix se-
diments was also variable throughout each reef sequence (mean car-
bonate content: 65 ± 15%) (Fig. 3). Despite the variability in both
carbonate and mud contents, similar up-core trends were evident
within each core. Notably, carbonate content increased, whilst con-
versely, mud content decreased. This trend is particularly evident
within shallow core depths (typically< 50 cm below present LAT) and
has previously been interpreted as a signal of reef shallowing towards
sea level (Perry et al., 2011, 2012; Ryan et al., 2016b).
Taxonomic analysis identified 133 benthic foraminiferal species
belonging to 85 genera within the PSRC palaeoecological inventory
(Table 2; see Supplementary material 3 and Supplementary Fig. S1).
Average genus richness within each sample ranged from 34 ± 6 (OPS-
PC2) to 40 ± 4 (OPS-C-PC1). Overall, the palaeoecological inventory
included an assortment of benthic foraminifera from seven Orders of
Foraminifera (Table 2), including Lagenida (1%), Lituolida (< 1%),
Miliolida (40%), Robertinida (< 1%), Rotaliida (54%), Spirillinida
(< 1%) and Textulariida (4%).
The most abundant genera within the Order Rotaliida were
Elphidium spp. (16%), Pararotalia spp. (14%), Ammonia spp. (6%),
Siphoninoides spp. (3%), and Eponides spp. (2%). Within the Order
Miliolida, important contributions were made by Quinqueloculina spp.
(21%), Planispirinella spp. (3%), Peneroplis spp. (2%), and Hauerina spp.
(2%). Foraminiferal specimens identified within the Order Textulariida
were mainly of the genera Textularia spp. (3%) and Sahulia spp. (1%).
4.2. Foraminiferal assemblages
The broken-stick model separated samples into two discrete as-
semblage zones within each core sequence, based upon the expected
and measured variations of the CONISS analyses (Fig. 3). These results
were confirmed by PCA, which explained ~85% of the total between-
group variance along its first two axes and showed little to no overlap
between the CONISS-derived assemblage zones (Fig. 4A). The PCA also
separated the foraminiferal assemblage zones into two disparate groups
along axis 1 (~70% variance explained). The significance of this se-
paration was confirmed by an ANOVA (Welch's F(5, 60)= 63.3,
p < 0.001) and Games-Howell post hoc tests, performed in SPSS,
version 23 (IBM Corp, 2015) (Supplementary Table S1). Assemblages
associated with ‘Group 1’ (i.e., assemblage zones CA, DA, and OA) were
more homogenous than those of ‘Group 2’ (i.e., assemblage zones CB,
DB, and OB), as demonstrated by the degree of overlap between the
CONISS-derived assemblage zones (Fig. 4A). This trend is particularly
pronounced along axis 2 (~15% variance explained) (Fig. 4A). The
foraminiferal taxa contributing most to the difference between ‘Group
1’ and ‘Group 2’ were identified by SIMPER analysis, which confirmed
the results of the PCA (Fig. 4; Table 3). Notably, the SIMPER analysis
identified Pararotalia as the primary taxon contributing to the overall
dissimilarity between ‘Group 1’ and ‘Group 2’ (Table 3).
To investigate the degree to which Pararotalia influenced the mul-
tivariate analyses, the taxon was removed from the ecological dataset
and an additional PCA performed using the recalculated relative
abundance data (Fig. 4B). The results of this additional PCA revealed a
high degree of overlap between the CONISS derived assemblage zones
(~60% of between-group variance explained), confirming Pararotalia
abundance to be the principle driver of the observed dissimilarity be-
tween the delineated assemblage groups.
Within each core sequence, ‘Group 1’ occurred exclusively above
‘Group 2’, occupying a depth range between ~0 and 4m below present
LAT (Figs. 3 and 4). ‘Group 1’ was dominated by Pararotalia, Quinque-
loculina, and Elphidium (Table 3). Other important contributions (i.e.,
contributions ~5%) to this assemblage group were also made by Am-
monia, Planispirinella, Hauerina and Textularia (Table 3). The underlying
‘Group 2’ occupied a depth range between ~2 and 5m below present
LAT (Figs. 3 and 4) and was dominated by high abundances of Quin-
queloculina and Elphidium (typically> 50%, collectively). Other im-
portant contributions to ‘Group 2’ were made by Ammonia, Siphoni-
noides, Pararotalia, Peneroplis, Textularia, Eponides and Planispirinella
(Table 3).
Significant changes in foraminiferal assemblage composition, as
identified by CONISS analysis and broken-stick models, were found to
pre-date European settlement within each core (Fig. 3). Exploratory
analysis (using untransformed relative abundance data) of those taxa
identified as contributing most to between group dissimilarities
(Table 3) revealed almost half to exhibit significant monotonic re-
lationships with core depth, normalised to present LAT (Fig. 5; Sup-
plementary Table S2). Cumulatively, these taxa accounted for ap-
proximately 33% of the total dissimilarity observed between ‘Group 1’
and ‘Group 2’ (Table 3).
4.3. FoRAM Index
Overall, calculated sample FI values averaged 1.9 (range: 1.5 to 2.4;
Fig. 3), reflecting the consistently low abundance of foraminifera tra-
ditionally classified as ‘symbiont-bearing’ within the foraminiferal as-
semblages of the PSRC (mean sample abundance: 3 ± 2%). Instead,
the benthic foraminiferal assemblages of the PSRC were dominated by
foraminifera traditionally classified as ‘opportunistic’ (mean abun-
dance: 39 ± 10%) and ‘other small-heterotrophic’ (mean abundance:
58 ± 10%) (Table 2). A total of nine symbiont-bearing taxa were
identified (Table 2), with contributions to the overall palaeoecological
inventory primarily made by Peneroplis (~2%). All other symbiont-
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bearing taxa accounted for< 1% of the overall palaeoecological in-
ventory.
5. Discussion
5.1. Drivers of change in nearshore turbid-zone foraminiferal assemblages
Benthic foraminiferal assemblages within the PSRC were largely
dominated by calcareous epifaunal taxa characteristic of shallow and warm
marine environments (Fig. 3) (Debenay, 1988; Langer, 1993; Murray,
1991, 2006; Sen Gupta, 1999; Debenay and Payri, 2010). Foraminiferal
assemblages were also similar to those from other subtidal inner-shelf
settings in (sub)tropical northeastern Australia (e.g., Woodroffe, 2009b;
Horton et al., 2007; Uthicke et al., 2012; Reymond et al., 2013; Narayan
and Pandolfi, 2010), as well as turbid reef settings elsewhere in the Indo-
Pacific (e.g., Langer and Lipps, 2003). Based upon available sea-level
curves for the GBR region, reef development within the PSRC likely in-
itiated in palaeo-water depths of up to, but not exceeding, 1m above
present-day elevations (Woodroffe, 2009a; Lewis et al., 2013, 2015). The
palaeo-records presented in this study therefore represent foraminiferal
assemblages that developed in water depths of less than ~6m.
In the absence of a comprehensive understanding of the palaeoe-
cological significance of mixing (e.g., infaunal test production and
bioturbation) and taphonomic (e.g., abrasion, bioerosion and dissolu-
tion) processes within nearshore turbid reef settings, the degree to
which living foraminiferal assemblages are preserved within the fossil
record of the PSRC is somewhat uncertain (Berkeley et al., 2008, 2009).
Discerning the influence of other processes (i.e., differential core
compaction, non-uniform sedimentation and episodic events) on the
fossil record is also problematic (Berkeley et al., 2014). However, past
studies suggest that limited bioturbation and reef-matrix sediment
mixing occurs in nearshore turbid-zone reef settings on the central GBR
(Smithers and Larcombe, 2003; Palmer et al., 2010). Attempts to reduce
preservational bias were also made by constraining analyses to only
well-preserved foraminiferal specimens (Schueth and Frank, 2008;
Uthicke et al., 2010). Hence, we are confident that the records pre-
sented in this study provide a reliable history of past foraminiferal as-
semblage composition within the PSRC.
Multivariate analysis identified two assemblage groupings within
the palaeo-records of the PSRC (Fig. 4). The depths and timings at
which significant changes in foraminiferal assemblage composition
occurred varied between cores (OPS-PC2: ~140 cm below present LAT,
~410 ± 170 cal. yr BP; OPS-C-PC1: ~420 cm below present LAT,
~1140 ± 145 cal. yr BP; OPS-D-PC1: ~130 cm below present LAT,
~620 ± 140 cal. yr BP) (Figs. 2 and 3). The occurrence of composi-
tional shifts in foraminiferal assemblages throughout the Late Holocene
suggests that the transitions are independent of time and instead as-
sociated with depth. Thus, the delineated shifts in foraminiferal as-
semblage composition are unlikely to have been driven by increased
regional nutrient and sediment runoff associated with post-European
settlement land-use practices. Rather, we interpret the foraminiferal
assemblage shifts as being intrinsically-driven and influenced by var-
iations in the abiotic environment during reef shallowing towards sea
level (notably changes in hydrodynamic energy, light availability and
substrate type).
Hydrodynamic energy is widely regarded as one of the most im-
portant depth-related factors controlling the distribution of benthic
foraminifera within shallow-water environments. This is because hy-
drodynamic energy is a strong controlling factor of substrate type, food
availability, and photosynthetically active radiation (PAR) availability
Fig. 3. Stratigraphic diagrams for A. Offshore Paluma Shoals (OPS)-PC2; B. OPS-C-PC1; and C. OPS-D-PC1. Foraminiferal abundance is presented as relative
abundance. Only the foraminifera with abundances of> 5% (for at least one sample) are displayed. The results of constrained incremental sum of squares (CONISS)
are displayed to the right of the stratigraphic diagrams, with the significant assemblage zone indicated by the dashed lined, as determined by ‘broken-stick’ models.
The grey shading represents core sections corresponding to post-European settlement (i.e., < 1850 CE), as determined by Bayesian age-depth modelling (see Fig. 2).
The median probability ages of the available radiocarbon dates (see Morgan et al., 2016b) are presented in calibrated years before present (cal. yr BP ± 1σ). The
term ‘modern’ denotes ages associated with dates post-dating 1950 CE (0 cal. yr BP).
Table 2
Benthic foraminiferal genera identified from the recovered reef cores.
Palaeoecological inventory
Lagenida Nodobaculariella (H) Anomalinoides (H) Nonionoides (O)
Fissurina (H) Parahauerinoides (H) Bolivina (O) Operculina (S)
Gladulina (H) Peneroplis (S) Bulimina (O) Pararotalia (O)
Lagena (H) Planispirinella (H) Calcarina (S) Pegidia (H)
Procerolagena (H) Pseudomassilina (H) Cancris (H) Planogypsina (H)
Pyrulina (H) Pseudotriloculina (H) Chrysalidinella (H) Poroeponides (H)
Sigmoidella (H) Pyrgo (H) Cibicides (H) Pseudorotalia (H)
Unidensa (H) Quinquelcoculina (H) Cibicidoides (H) Rectobolivina (H)
Lituolida Schlumbergerina (H) Conorbella (H) Reussella (O)
Latentoverneuilina (H) Sigmoihauerina (H) Cyclocibicides (H) Rosalina (H)
Placopsilina (H) Sigmoilopsis (H) Cymbaloporetta (H) Sagrinella (H)
Reophax (H) Siphonaperta (H) Discorbis (H) Sestronophora (H)
Miliolida Sorites (S) Elphidium (O) Stilostomelloides (H)
Adelosina (H) Spiroculina (H) Epistominella (H) Siphoninoides (H)
Articulina (H) Triloculina (H) Eponides (H) Valvulineria (H)
Coscinospira (S) Triloculinella (H) Floresina (H) Spirillinida
Cycloforina (H) Vertebralina (H) Glabratella (H) Spirillina (H)
Edentostomina (H) Wiesnerella (H) Haynesina (H) Textulariida
Euthymonacha (H) Robertinida Heterostegina (S) Clavulina (H)
Fischerinella (H) Hoeglundina (H) Lobatula (H) Pseudoclavulina
Hauerina (H) Lamarckina (H) Melonis (H) Sahulia (H)
Miliolidb (H) Rotaliida Murrayinella (H) Textularia (H)
Miliolinella (H) Ammonia (O) Neoconorbina (H)
Monalysidium (S) Amphistegina (S) Nonionella (H)
Foraminferal functional groups: ‘symbiont-bearing’ (S); ‘opportunistic’ (O); and ‘other small-heterotrophic’ (H).
a Unidentified foraminifera (Jones, 1994).
b Unidentified Miliolid (Jones, 1994) see Supplementary material 3 for species list.
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Fig. 4. Principle component analysis (PCA) biplots of foraminiferal assemblages from all analysed core samples from the Paluma Shoals reef complex. PCA tests were
performed on relative abundance data, calculated from A. the inclusion of all genera-level abundance data; and B. the exclusion of Pararotalia spp. from the
established ecological dataset. Both ordinations are based on between-group variance within a variance-covariance matrix. Convex hulls (dotted lines) denote the
samples from the individual assemblage zones delineated by constrained incremental sum of squares (see Fig. 3). Those assemblage zones comprising ‘Group 1’ are
denoted by green convex hulls, whilst those comprising ‘Group 2’ are represented by blue convex hulls. Vectors represent the foraminiferal taxa, with the length
indicating the loadings for each taxon. For presentation purposes, only taxa accounting for> 1% of the total number of foraminifera identified within this study are
shown: Adelo.=Adelosina, Ammon.=Ammonia, Boliv.= Bolivina, Elphi.= Elphidium, Eponi.= Eponides, Hauer.=Hauerina, Milio.= unidentified Miliod (Jones,
1994), Neoc.=Neoconorbina, Parar.= Pararotalia, Pener.= Peneroplis, Plani.= Planispirinella, Pseud.= Pseudorotalia, Quinq.=Quinqueloculina, Siphona.= Si-
phonaperta, Siphono.= Siphoninoides, Spiro.= Spirculina, Stilo.= Stilostomelloides, Textu.= Textularia, Trilo.= Triloculina. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.)
Table 3
Similarity percentage (SIMPER) analysis.
Average dissimilarity: 38.1%
Genus Av. dissim. Contrib. (%) Cumulative (%) Group 1 (%) Group 2 (%)
Pararotaliab 3.5 9.3 9.3 24.0 (10.5) 3.6 (4.8)
Quinqueloculinab 1.5 4.0 13.3 15.2 (5.7) 26.5 (7.4)
Elphidiumb 1.2 3.3 16.6 12.1 (3.5) 21.1 (6.1)
Planispirinella 1.0 2.7 19.2 3.6 (2.9) 2.6 (1.9)
Hauerina 1.0 2.6 21.8 2.8 (2.1) 0.8 (1.0)
Pseudorotalia 0.9 2.4 24.2 1.4 (1.7) 0.9 (1.2)
Peneroplisb 0.9 2.3 26.5 1.4 (1.0) 3.3 (1.9)
Bolivina 0.8 2.2 28.7 2.0 (2.0) 1.2 (1.1)
Eponidesb 0.8 2.2 30.8 1.4 (1.1) 2.9 (2.3)
Miliolida,b 0.8 2.1 32.9 1.4 (1.4) 2.0 (1.6)
Siphoninoides 0.8 2.0 35.0 2.3 (1.2) 3.8 (3.0)
Siphonaperta 0.8 2.0 37.0 1.4 (1.3) 0.8 (0.9)
Textulariab 0.8 2.0 39.0 2.7 (2.4) 3.0 (2.3)
Cibicidesb 0.7 2.0 41.0 0.9 (1.1) 1.1 (3.0)
Valvulineriab 0.7 2.0 42.9 1.2 (1.3) 0.3 (0.4)
Ammonia 0.7 1.9 44.9 5.4 (2.2) 5.8 (3.4)
Rosalina 0.7 1.9 46.7 0.5 (0.8) 1.0 (1.2)
Triloculinellab 0.7 1.7 48.5 0.7 (0.8) 0.3 (0.6)
Parahauerinoidesb 0.7 1.7 50.2 0.4 (0.4) 1.1 (1.0)
SIMPER analysis was performed between the two assemblage groups identified by Principle Components Analysis (see Fig. 4).
Taxa (square-root transformed) cumulatively accounting for ~50% of the dissimilarity are displayed with their average dissimilarities (Av. dissim.), and relative
contributions to dissimilarity (Contrib.). The average relative abundance (untransformed) of the listed taxa within each of the two assemblage groups is also
presented (± SD).
a Unidentified Miliolid (Jones, 1994).
b Taxa with a significant monotonic relationship with core depth (corrected to present lowest astronomical tide) (see Table S2).
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(Hohenegger et al., 1999; Hohenegger, 2004; Murray, 2006; Cleary and
Renema, 2007; Reymond et al., 2013). Previous studies have demon-
strated considerable spatial variability in abiotic environmental factors
within the PSRC, including (1) light availability, controlled by sus-
pended sediment concentrations (Larcombe et al., 2001; Browne et al.,
2013; Morgan et al., 2017); (2) rates of sedimentation (Browne et al.,
2012b); and (3) sediment type (Browne et al., 2012b). Given the known
variability of key environmental controlling factors within the PSRC,
the vertical distribution of key nearshore foraminiferal taxa (Fig. 5;
Supplementary Table S2) and the delineated assemblage groups (Figs. 3
and 4) likely reflect spatio-temporal variations in benthic habitat
availability, as influenced by prevailing hydrodynamics. Inter-reef scale
variations in hydrodynamic activity may also explain the observed
heterogeneity in the composition of ‘Group 2’ (Fig. 4A) by controlling
for a wider range of habitats below the mean wave base elevation
(Renema, 2008).
Whilst some studies provide compelling evidence for the high re-
sistance potential of inner-shelf foraminiferal assemblages to historical
increases in nutrient and sediment delivery in (sub)tropical northeast
Australia (Reymond et al., 2013; Narayan et al., 2015; this study),
others suggest the contrary. Notably, perturbations in historical for-
aminiferal assemblages are reported from nearshore reef settings in the
Whitsundays region (Uthicke et al., 2012), approximately 300 km south
of the PSRC. Background suspended sediment concentrations in the
Whitsundays region typically do not exceed 5mg L−1 and are therefore
considerably lower than experienced within the PSRC, where sus-
pended sediment concentrations are regularly> 20mg L−1 (Schaffelke
et al., 2012; Browne et al., 2013; Thompson et al., 2014). Current
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Fig. 5. Scatterplots showing the down-core distribution of
untransformed foraminiferal abundance for A. Elphidium
spp.; B. Eponides spp.; C. Pararotalia spp.; D. Peneroplis
spp.; E. Quinqueloculina spp.; and F. Textularia spp. All
presented core depths have been corrected to present
lowest astronomical tide (LAT). Locally weighted regres-
sions (LOESS) with a smoothing factor of 0.5 are fitted to
the abundance plots (red line), with the 95% confidence
intervals, as determined by bootstrapping, represented by
the shaded area. Spearman's rho coefficients are pre-
sented for each taxa, with significance level denoted by
the asterisk (*= p < 0.05, **= p < 0.005). Of the taxa
tested, only those accounting for > 1% of the total
number of foraminifera identified within this study are
shown. The full results of the Spearman's rank correlation
analysis are provided in Supplementary Table S2. (For
interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this
article.)
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evidence therefore supports the emerging hypothesis that coral reefs
are more resistant to historical increases in nutrient and sediment in-
puts where they have initiated and developed under high terrigenous
sediment influence (Larcombe and Woolfe, 1999a; Morgan et al.,
2016a, 2017; Johnson et al., 2017).
5.2. Distribution of functional groups across the inner-shelf of the GBR
The consistently low abundance of taxa traditionally classified as
‘symbiont-bearing’ in previous studies from the GBR region (sensu Nobes
and Uthicke, 2008; Uthicke et al., 2010; Reymond et al., 2013; Narayan
et al., 2015) is one of the most distinguishable features of the PSRC
foraminiferal assemblages (Fig. 3). On the GBR, the abundance of sym-
biont-bearing taxa is positively correlated to distance from the mainland
and is primarily controlled by cross-shelf variations in nutrient avail-
ability and turbidity (Fig. 6; Uthicke and Nobes, 2008). Photosynthesis
by endosymbionts (i.e., algae, diatoms, and dinoflagellates) is crucial for
the efficient recycling of nutrients and calcification in symbiont-bearing
foraminifera (Lee and Hallock, 1987). The low abundance of symbiont-
bearing foraminifera recorded within the PSRC is therefore likely in-
dicative of prevailing environmental conditions of low PAR availability,
as the result of light attenuation by suspended sediments (Morgan et al.,
2017). The prevalence of low PAR availability throughout the growth
history of the PSRC is strongly supported by the continuous presence of
terrigenous muds within the reef sediment matrix of the cores (Fig. 3).
The prevalence of muddy substrate is also likely to inhibit the abundance
of symbiont-bearing foraminifera within the PSRC, many of which prefer
coarser and firmer substrates (Hohenegger et al., 1999; Renema, 2006,
2008; Renema and Troelstra, 2001).
Peneroplis spp. was the only symbiont-bearing taxon to make notable
contributions to the overall composition of foraminiferal assemblages within
the PSRC (Fig. 3; Table 3). In mixed terrigenous-carbonate shelf settings in
Indonesia, Peneroplis is often affiliated with sandy substrates in sheltered
environments (Renema and Troelstra, 2001; Cleary and Renema, 2007;
Renema, 2008). However, Peneroplis can also be abundant within inshore
reef settings on the GBR, under conditions characterised by low PAR
availability and fine-grained sediment (Nobes et al., 2008; Uthicke et al.,
2010). As Peneroplis host Rhodophycean symbionts (Renema and Troelstra,
2001), it may therefore be reasonably inferred that Rhodophyta-bearing
foraminifera are better adapted to more marginal reef-associated conditions
than those taxa with different host-symbiont associations (e.g., Chlorophyta,
diatoms, and dinoflagellates) (Uthicke et al., 2010).
The prevalence of Elphidium over Ammonia throughout the analysed
core sequences suggests that the benthic environment within the PSRC is
not oxygen depleted and that food supply is variable (Fig. 3) (Hallock,
2012; Narayan and Pandolfi, 2010; Sen Gupta et al., 1996). Food supply
is an important factor influencing foraminiferal microhabitat availability
(Jorissen et al., 1995). For example, in mud-rich sediments, organic
matter is readily trapped within interstitial sediment pore spaces and is
utilised by heterotrophic foraminifera as a food source (Jorissen et al.,
1995; Barbosa et al., 2009). Geochemical analyses of bulk sediment
samples from reef cores recovered from Havannah Island and Pandora
Reef (see Fig. 1) have shown organic sediments within Halifax Bay to be
primarily derived from terrestrial sources and plants with C4 metabolic
pathways, namely Poaceae (Reymond et al., 2013). These findings,
coupled with the consistently higher abundance of Elphidium over Am-
monia reported in this study, thus highlight the important role of fluvi-
ally-derived sediment in structuring benthic foraminiferal assemblages
within nearshore turbid-zone reef settings on the GBR.
5.3. Using the FoRAM Index to characterise turbid nearshore environmental
quality
The FI has been applied extensively across a range of reef settings
for the assessment of water quality, with respect to environmental
suitability for coral growth and reef development (Hallock, 2012;
Renema, 2018). Indeed, the FI has been shown to provide an effective
measure of water quality and sediment organic enrichment on the GBR
(Schueth and Frank, 2008; Uthicke and Nobes, 2008; Narayan and
Pandolfi, 2010; Uthicke et al., 2010; Fabricius et al., 2012). In this
study, FI values derived from core samples suggest that the reefs of the
PSRC reefs established under ‘suboptimal/marginal’ environmental
conditions (Fig. 7). These findings are consistent with previous studies
utilising the FI within nearshore turbid-zone reef settings elsewhere on
the GBR and in (sub)tropical northeast Australia (Uthicke et al., 2012;
Narayan et al., 2015).
Over 70% of the analysed samples were indicative of environmental
conditions considered to be ‘suboptimal’ for reef growth (Fig. 7). Under
‘suboptimal’ conditions (i.e., FI < 2), higher nutrient fluxes and par-
ticulate food supply, coupled with increasing turbidity and associated
reductions in PAR availability, limit the development of mixotrophic-
dominated benthic communities (i.e., ‘symbiont-bearing’ foraminifera
and zooxanthellate corals) (Hallock et al., 2003; Carnahan et al., 2009).
In their original article, Hallock et al. (2003) recognised the re-
quirement for the refinement of the FI to local conditions outside of the
Caribbean. In this respect, a taxon of particular interest within near-
shore turbid-zone settings on the central GBR is Pararotalia spp., which
contributed most to the observed dissimilarities between the two as-
semblage groups delineated in this study (Fig. 4; Table 3). To maintain
consistency with previous investigations (see Schueth and Frank, 2008;
Uthicke et al., 2010; Reymond et al., 2013; Narayan et al., 2015),
Pararotalia spp. were classified as ‘opportunistic’ (Table 2). This clas-
sification was made despite the fact that Pararotalia spp. are known to
host a consortium of endosymbionts (Schmidt et al., 2015, 2018). By
reclassifying Pararotalia spp. as ‘symbiont-bearing’, revised FI values
revealed approximately 70% of samples as being indicative of condi-
tions considered ‘marginal’ for reef growth (Fig. 7; see Supplementary
material 2). Interestingly, the recalculated FI values are indicative of
‘optimal’ environmental conditions (i.e., FI > 4), at least temporarily,
within the upper core sequences (i.e., shallower than 1m below present
LAT; Fig. 7). This trend is consistent with measured increases in light
availability and carbonate content of the reef-matrix sediment towards
sea level (Fig. 3; Morgan et al., 2017).
As a shallow epiphytic taxon, Pararotalia spp. attach to algae, feeding
on microflora, and are common within muddy inner-shelf settings
(Murray, 2006; Narayan and Pandolfi, 2010; Horton et al., 2007). In this
study, the vertical distribution of Pararotalia spp. was notably con-
strained to depths shallower than ~4m below present LAT, where it
exhibited a significant and strongly negative relationship with core depth
(Fig. 5). This apparent depth threshold is close to that of the regional
maximum photic depth within coastal environments on the GBR
(Fabricius et al., 2016), suggesting PAR availability to be an important
control on the vertical distribution of Pararotalia spp. The presence of a
suitable algal substrate may also be influenced by PAR availability. Thus,
the vertical distribution of Pararotalia spp. may be further constrained to
shallow water depths, where PAR availability is higher and sedimentary
conditions more favourable for algal growth (Guest et al., 2016).
Recent genotyping and culturing experiments of endosymbiotic
algae have provided evidence to support the existence of symbiont
shuffling in Pararotalia calcariformata in the Mediterranean Sea as an
adaptive mechanism to environmental change (Schmidt et al., 2018).
Similar mechanisms have also been reported in the symbiont-bearing
foraminifera Amphistegina lobifera from the GBR, in which inner-shelf
populations exhibit an increased acclimation/adaptive capacity to en-
vironmental stress compared to those from mid- and outer-shelf loca-
tions (Prazeres et al., 2016). The ability to regulate symbiont density
and to host a diversity of endosymbionts may therefore explain the
apparent success of Pararotalia spp. within the nearshore turbid-zone
reef setting of the PSRC.
The appropriate functional classification of foraminiferal taxa is
crucial for determining FI values that are representative of prevailing
environmental conditions. This is particularly true with respect to the
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classification of ‘opportunistic’ and ‘symbiont-bearing’ foraminifera.
Furthermore, high numbers of a single ‘symbiont-bearing’ taxon have
also been reported as biasing the FI towards higher values that were not
reflective of the true ecological status of the reefs in question (Uthicke
and Nobes, 2008). Given the current ambiguity concerning the func-
tional classification of certain Indo-Pacific taxa, further study of the
biology and ecology of benthic foraminifera is clearly warranted to
refine the FI across region-specific nearshore turbid settings. This
requirement was recently emphasised by Renema (2018) who noted
that the FI index does not currently account for differences in species
preferences within ‘symbiont-bearing’ assemblages for either coral- or
macroalgal-dominated environments. For example, observations of
Calcarinidae on Indonesian reefs have shown the abundance of Cal-
carina spp. to increase with macroalgal cover (Renema, 2010). Given
this behaviour, it may be argued that some species of Calcarina (e.g.,
Calcarina mayori) are more closely aligned to the ‘opportunistic’
D
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Fig. 6. Ternary diagrams showing the relative contribu-
tions of functional groups to overall foraminiferal as-
semblage composition at three inner-shelf reef sites dis-
tributed along an offshore gradient. Data are presented as
sample density plots for A. contemporary assemblage data
from Cocoa Creek (n=35; Woodroffe et al., 2005;
Woodroffe, 2009b), Cleveland Bay (approximately 50 km
south of the Paluma Shoals reef complex); B. the Paluma
Shoals reef complex, data are based on the palaeoecolo-
gical assemblages presented in this study (n=66); and C.
contemporary assemblage data from Low Island Reef
(n=50; Schueth and Frank, 2008), northern Great Bar-
rier Reef (approximately 300 km north of the Paluma
Shoals reef complex). Presented foraminifera represent
those accounting for> 70% of the total dataset at each
location and are listed in rank order of abundance.
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functional group than the other taxa classified as ‘symbiont-bearing’
taxa within this study (for the purposes of deriving FI values, at least).
A further genus of interest is that of Elphidium, which contains a
number of kleptoplastic species that profit from photosynthetic pro-
ducts derived from chloroplasts sequestered from their food source
(mainly diatoms) (Lopez, 1979; Renema and Troelstra, 2001; Renema,
2008). Whilst some species of Elphidium (e.g., Elphidium craticulatum)
cannot be regarded as true ‘symbiont-bearing’ taxa, as they are less
dependent on autotrophic production than diatom or dinoflagellate-
bearing species, they are nonetheless well adapted to nearshore turbid-
zone settings on the central GBR (this study; Woodroffe et al., 2009;
Lewis et al., 2012; Reymond et al., 2013). Thus, Elphidium spp. may not
necessarily behave as intended for the ‘opportunistic’ grouping of the FI
(Carnahan et al., 2009). Without further experimental and field studies
at the species-level, difficulties in the appropriate functional classifi-
cation of benthic foraminifera for the purposes of utilising the FoRAM
index within the Indo-Pacific region will remain. To this end, the
following recommendations made by Uthicke and Nobes (2008) for the
further refinement of the FI may prove useful: (1) individual species to
be weighted differently; and (2) the inclusion of a weighting factor
based on the diversity of ‘symbiont-bearing’ taxa.
6. Conclusions
Palaeoecological records established from reef cores recovered from
the PSRC enabled the investigation of long-term foraminiferal assem-
blage composition and variability within a nearshore turbid-zone reef
setting on the central GBR. Each reef core penetrated the entire
Holocene reef sequence, capturing a ~1200 year history of reef growth
under the high influence of terrigenous sediments. No discernible evi-
dence of compositional change within the foraminiferal assemblages of
the PSRC was found relative to post-European settlement land-use
change. Rather, identified transitions in benthic foraminiferal assem-
blages are interpreted as reflecting intrinsically-driven changes in hy-
drodynamic energy, light availability and the carbonate content of reef-
matrix sediments during reef shallowing towards sea level. This study
also demonstrates the high resistance potential of nearshore turbid reefs
and their associated communities under increased nutrient and sedi-
ment inputs, as the result of historical land-use change. To this end, the
foraminiferal assemblages presented in this study provide valuable
baseline records for future assessments and the monitoring of ecological
and environmental change within similar geomorphic settings on the
GBR and elsewhere in the Indo-Pacific.
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